The effects of an antacid containing magnesium and aluminum hydroxide on the pharmacokinetics of pefloxacin in 10 healthy volunteers were investigated. In a randomized crossover design, each subject received an oral dose of 400 mg of pefloxacin either with or without multiple doses of the antacid. The concentrations of pefloxacin and its metabolites in plasma and urine were determined by high-performance liquid chromatography assays. We found that coadministration of magnesium and aluminum hydroxide caused a decrease of levels of pefloxacin in plasma and urine. The area under the plasma concentration-time curve decreased significantly (P < 0.001), suggesting impaired absorption of pefloxacin from the gastrointestinal tract. The relative bioavailability of pefloxacin after the antacid treatment was 44.4% ± 23.8%, compared with that after a single administration. The underlying mechanism of this drug interaction is the formation of chelate complexes and probably also physical adsorption to the aluminum hydroxide gel. The metabolism of pefloxacin was not altered by the antacid treatment. Renal clearance was found to depend on urinary pH.
Under clinical conditions, antacids may be administered together with the new quinolone antibacterial agents. Antacids are known to alter both absorption of drugs from the gastrointestinal tract and renal elimination (12) . A decrease in the rate and extent of absorption of orally administered drugs by a concomitant antacid treatment may reduce drug activity considerably. Alteration of urinary pH may lead to changes in renal excretion of acidic and basic drugs.
In this investigation, the influence of an antacid containing magnesium and aluminum hydroxide on the pharmacokinetics and bioavailability of pefloxacin was evaluated. Pefloxacin is a newer quinolone carboxylic acid derivative with a broad spectrum of activity (3) . A decrease in the bioavailability of several quinolones after concomitant intake of magnesium-aluminum hydroxide has recently been described elsewhere (5, 9, 13, 18, 19) and reviewed (4, 24) . However, the extent of this interaction among individual quinolones, was quite different, which makes a prediction of the extent of the effect of the antacid on new derivatives difficult. Therefore, antacid-quinolone interaction studies are required for each newly developed quinolone. Pefloxacin differs from other quinolones in its extensive metabolism and in its considerable reabsorption in the kidney tubules (14) . For that reason, an interaction with antacids at the hepatic and renal sites was also assessed in this study. 
MATERIALS AND METHODS
Volunteers. Five female and five male subjects aged from 19 to 30 years (mean age, 24.9 years), with a mean weight of 71.4 ± 9.0 kg, participated in this study after informed consent had been obtained. All subjects were determined to be in good health prior to the study on the basis of physical examinations, medical histories, and laboratory tests. Hematological and biochemical tests were repeated after the study. No other medication and no ingestion of alcohol were permitted.
Study design. After an overnight fasting period of 8 h, the subjects received an oral dose of 400 mg of pefloxacin once with and once without coadministration with a suspension of magnesium and aluminum hydroxide (Maalox 70; Arznei Muller-Rorer GmbH, Bielefeld, Germany). The study was performed in a randomized crossover fashion separated by a washout period of at least 1 week. Each dose of the antacid contained 600 mg of magnesium hydroxide and 900 mg of aluminum hydroxide gel. The antacid treatment started the day before pefloxacin administration. One bag of antacid suspension was given every 2 h, starting at 8 a.m. The last dose was given at 10 p.m. On the day of pefloxacin administration, subjects received five additional bags 2.5 and 1 h before and 1, 3, and 5 h following oral administration of the quinolone. The subjects remained in the fasting state for 6 h after drug intake.
Sample collection. Blood was taken from an indwelling intravenous cannula immediately before and 0. 25 The within-day precision (coefficient of variation) was found to be 3.2% for 2.5 ,ug of pefloxacin per ml in plasma, 6 .9% for 0.63 jig of pefloxacin per ml in plasma, 3 .1% for 100 jig of pefloxacin per ml in urine, and 5.1% for 12.5 jig of pefloxacin per ml in urine. The between-day precision was 2.7% for 3.8 ,ug of pefloxacin per ml in plasma, 3 .4% for 1.5 ,ug of pefloxacin per ml in plasma, 3 The metabolism of pefloxacin was evaluated by calculation of the MR. We found no effect of magnesium and aluminum on MRs, suggesting no alteration in the conversion of pefloxacin to pefloxacin N-oxide and norfloxacin.
The CLR calculated from cumulative renal excretion divided by the corresponding AUC of pefloxacin was slightly increased after the antacid treatment, but the difference was not statistically significant. During the first 12 h after pefloxacin administration, the urinary pH in all subjects was elevated. Mean urinary pH values were 6.11 ± 0.54 without and 7.18 ± 0.32 with the antacid. The difference was statistically significant (P < 0.001). To evaluate whether the tendency for a higher CLR after coadministration of the antacid is caused by an elevation of urinary pH, we calculated CLRs for the individual urine samples and compared the mean CLRs for seven different pH ranges. In Fig. 2 , mean CLRs are plotted versus mean urinary pHs for each group. CLR exhibits a minimum at neutral pH and increases with acidification and alkalinization of the urine.
The findings presented intuitively in Fig. 2 Fig. 2 , i.e., which range from 6.41 to 6.8 and from 6.81 to 7.2. Thus, the inverse-bell shape of the curve in Fig. 2 was confirmed statistically.
DISCUSSION
The results of this study show that the bioavailability of pefloxacin is reduced to about 45% after coadministration of magnesium and aluminum hydroxide, suggesting that the absorption process of pefloxacin is impaired by the antacid.
For that reason, it is possible that the effective concentration of pefloxacin at the site of action is not reached, particularly in infections with less susceptible bacteria. Even though this interaction exhibits a wide interindividual variation, it has a clearly different extent than those previously reported for other quinolones. Ciprofloxacin (9.5%), ofloxacin (30.8%), and temafloxacin (39.8%) were more affected and fleroxacin (69.8%) was less affected by magnesium and aluminum hydroxide than pefloxacin (9, 13, 24, 27) . Since our experimental design was almost identical to that used in these studies, this comparison of data may be valid. An intraindividual comparison of the interaction of quinolones with a single dose of 1 g of aluminum hydroxide also resulted in large differences among individual compounds; the relative bioavailabilities for norfloxacin, enoxacin, and ofloxacin were 2.7, 15.4, and 52.1%, respectively (23). 
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One mechanism of this gastrointestinal interaction may be the formation of chelate complexes. The most likely site in the quinolone molecule for chelate formation has been proposed to be between the 3-carboxyl and the 4-oxo group (16, 21) . The physicochemical properties of drug complexes may be quite different from those of the drug itself, leading to an alteration and in most cases to a reduction in the rate and extent of absorption (8) . There is much evidence that free aluminum ions contribute to the interaction indicated by a comparison of the effects of the same amounts of aluminum hydroxide and aluminum chloride on the absorption of ofloxacin in rats (26) . Whereas the relative bioavailability of ofloxacin was 80% following coadministration of aluminum hydroxide, it was reduced to 31.2% when the drug was given with aluminum chloride, which releases more free aluminum ions than aluminum hydroxide. The determination of complex stability constants indicated that aluminum ions form stable chelate complexes with quinolones, whereas the magnesium-quinolone complex is less stable (26) . Moreover, the importance of aluminum ions for this interaction has been shown in healthy volunteers by coadministration of sucralfate, which contains 16 aluminum ions per molecule. The bioavailabilities of several quinolones were found to be considerably reduced when sucralfate was given concomitantly (7, 20) .
The physicochemical properties of the complex between aluminum ions and nalidixic acid, which has the same structural features in the 3 and 4 position of the nucleus, have been characterized by Nakano et al. (16) . The nalidixic acid-toaluminum ion ratio of the complex was found to be 3 to 1, which means a threefold increase in molecular size. Furthermore, the complex was found to exhibit a higher solubility in water and a lower lipophilicity and reduced permeability through a cellulose membrane than nalidixic acid itself (16) .
On the basis of these results, it is suggested that the formation of aluminum-quinolone complexes is responsible for the absorption inhibition. Since the stability constants of those complexes are rather similar among individual quinolones (26) , the differences in the extents of interaction remain unexplained.
The second possible mechanism is the physical adsorption of the quinolones to the aluminum hydroxide gel. We are not aware of any study of gel binding of quinolones. It is imaginable that hydrophilic molecules have a higher affinity to the hydrophilic aluminum hydroxide gel than lipophilic compounds. The octanol-water partition coefficients of quinolones indicate considerable differences in their lipophilicity (13a). It is evident that the more-lipophilic gyrase inhibitors fleroxacin, ofloxacin, and pefloxacin are less affected by antacids than the hydrophilic derivatives ciprofloxacin, enoxacin, and norfloxacin. For these reasons, it is very likely that physical adsorption as well as complexation contribute to the gastrointestinal interaction between quinolones and antacids.
Physical adsorption may also be responsible for the shorter terminal t112 of pefloxacin after the antacid treatment. Recently, we reported that coadministration of charcoal significantly increases nonrenal elimination of intravenously administered quinolones (14a, 25) . This suggests that quinolones undergo secretion from blood to the gastrointestinal lumen and subsequent reabsorption. In our study, pefloxacin is exposed to a comparable situation. (17) . With regard to the physicochemical interaction mechanisms described above, it is surprising that absorption in one subject is not affected by magnesium-aluminum hydroxide. At present, we have no explanation for this nonresponse. It is imaginable that this subject emptied the antacid from the gastrointestinal tract much faster than other subjects.
In other studies, the time interval between the intake of the quinolone and the antacid and the order of intake were shown to be of great significance for the extent of the quinoloneantacid interaction. Whereas when given 5 to 10 min after the magnesium-aluminum hydroxide treatment, the relative bioavailability of ciprofloxacin was 15.2%, it was found to increase when the time interval between the treatments was prolonged, reaching values of 23.2% 2 h and 70% 4 h later (18) . However, when the order of intake was changed and ciprofloxacin was given 2 h before the antacid, no absorption impairment was observed (18) . Similar results were reported for ofloxacin (5) .
Recently, the effect of other divalent cations on the absorption of quinolones has been investigated as well. In an intraindividual comparison, Nix et al. (19) found that calcium carbonate affected the bioavailability of norfloxacin (37.5%); however, the extent of the interaction was less than that after magnesium-aluminum hydroxide treatment (9.0%). However, calcium had no effect on the pharmacokinetics of ofloxacin (5) or of ciprofloxacin when given together with a high-fat breakfast (6) . Moreover, the absorption has been shown to be impaired by ferrous sulfate, ferrous fumarate, and multivitamins with zinc (2, 22) . These findings suggest that quinolones can potentially interact with all di-and trivalent cations.
After an intravenous treatment with aluminum over 3 weeks, specific alterations in the microsomal function of rats were observed (1). However, with our 2-day treatment of magnesium and aluminum hydroxide, we did not observe any alteration in the metabolic pattern of pefloxacin. The reduced renal excretion of the metabolites can be attributed to the lower bioavailability of the parent compound, since the MRs were not affected.
The CLR of pefloxacin was found to depend on the urinary pH, reflecting the betaine structure of the pefloxacin molecule. The relatively low CLR of pefloxacin suggests an extensive reabsorption of pefloxacin in the kidney tubules. At neutral pH, the zwitterionic pefloxacin molecule exhibits a maximum of lipophilicity (11, 24) , which favors reabsorption and minimizes CLR. Under acidic and alkaline pH conditions, pefloxacin is positively or negatively charged, leading to a reduction of reabsorption and an increase of CLR. In view of the nonlinear pH dependence of CLR of pefloxacin, one may conclude that an elevation of pH can lead either to a decrease or to an increase of CLR, depending on the absolute pH value reached after the antacid treatment. In a recent study with temafloxacin, a quinolone with a higher contribution of tubular secretion to CLR, we found no effect of urinary pH. However, CLR was shown to increase with decreasing plasma concentrations and increasing urinary flow rates (9) .
In conclusion, pefloxacin and antacids containing magnesium-aluminum hydroxide should not be administered concomitantly. In severely ill patients who need both treatments, the interaction at the gastrointestinal site can be avoided if the antacid is given at least 2 h after the quinolone, when a considerable part of the administered dose is already absorbed. The urinary pH dependence of the CLR of pefloxacin is of no clinical significance with regard to the low contribution of renal excretion to the overall elimination of pefloxacin. However, the pH dependence of the CLR of pefloxacin gives an insight into the mechanism of its renal excretion that has not been previously described.
